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(54) Semiconductor devices with quantum-wave interference layers 



(57) A semiconductor device is constituted by a 
quantum- wave interference layer with plural periods of a 
pair of a first layer W an6 a second layer B. The second 
layer B has wider band gap than the first layer W. Each 
thickness of the first layer W and the second layer B is 
determined by multiplying by an odd number one fourth 
of wavelength of quantum-wave of carriers in each of 
the first layer W and the second layer B existing around 
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the lowest energy level of the second layer B. A 5 layer, 
for sharply varying energy band, is formed at an every 
Interface between the first layer W and the second layer 
B and has a thickness substantially thinner than the first 
layer W and the second layer B. The quantum-wave 
interference layer functions as a reflecting layer of carri- 
ers for higher reflectivity. 
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Description 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 

The present invention relates to a device having quantum-wave interference layers that reflect carriers, or electrons 
and holes, effectively. In particular, the invention relates to light-emitting semiconductor devices including a laser (LD) 
and a light-emitting diode (LED) with improved luminous efficiency by effectively confining carriers within an active layer. 
10 Further, the present invention relates to semiconductor devices including a field effect transistor (FET) and a solar cell 
with improved carrier reflectivity. 

Description of the Related Art 

15 An LD has been Known to have a double hetero junction structure whose active layer is formed between n-type and 
p-type cladding layers. The cladding layers function as potential barriers for effectively confining carriers, or electrons 
and holes, within the active layer. 

However, a problem persists in luminous efficiency. Carriers overflow the potential barriers of the cladding layers, 
which lowers luminous efficiency. Therefore, further improvement has been required, as presently appreciated by the 

20 present inventors. 

As a countermeasure, forming cladding layers v^h a multi-quantum well structure of a first and a secorxl layers as 
a unit has been suggested by Takagi et al. (Japanese Journal of Applied Physics. Vol.29, No. 11, November 1990. 
PP.L1977-L1980). This reference, however, does not teach or suggest values of kinetic energy of carriers to be consid- 
ered and the degree of luminous intensity improvement is inadequate. 

25 

• SUMMARY OF THE INVENTION 

The inventors of the present invention conducted a series of experiments and found that the suggested thicknesses 
of the first and the second layers by Takagi et al. were too small to confine electrons, and that preferat3le thicknesses of 

30 the first and second layers are 4 to 6 times larger than those suggested by Takagi et al. Further, the present inventors 
thought that multiple quantum-wave reflect ion of carriers might occur by a multi -layer structure with different band 
width, like multiple light reflection by a dielectric multi-film structure. And the inventors thought that it would be possible 
to confine carriers by the reflection of the quantum-wave. As a result, the inventors invented a preferable quantum-wave 
interference layer and applications of the same. 

35 It is, therefore, a first object of the present invention to provide a quantum-wave interference layer, with high reflec- 
tivity to carriers, functioning as a reflecting layer. It is a second object of the present invention to improve quantum-wave 
reflectivity by additionally providing a new layer structure with a multi-layer structure whose band width is different with 
respect to each other. It is a third object of the invention to provide variations of a quantum-wave interference layer for 
effectively reflecting quantum-waves. 

40 In light of these objects a first aspect of the present invention is a semiconductor device constituted by a quantum- 
wave interference layer having plural periods of a pair of a first layer and a second layer, the second layer having a wider 
band gap than the first layer. Each thickness of the first and the secorxj layers is determined by multiplying by an odd 
number one fourth of a quantum-wave wavelength of carriers in each of the first and the second layers existing around 
the lowest energy level of the second layer 

45 The second aspect of the present invention is a semiconductor device constituted by a quantum^ave interference 
layer having plural periods of a first layer and a second layer as a unit. The second layer has a wider band gap than the 
first layer. A 5 layer is included for sharply varying an energy barxi and is formed between the first and the second lay- 
ers. Each thidoiess of the first and the second layers is det^mined by multiplying by odd number one fourth of quan- 
tum-wave wavelength of carriers in each of the first and the second layers, and a thickness of the S layer is substantially 

50 thinner than that of the first and the second layers. 

The third aspect of the present invention is to define each thickness of the first and the second layers as follows: 

D w = n = n wh/4[2m w(E+V)l (1) 

55 and 

D^^n^X^/4^n^m(2m^Ei''^ (2) 



NSDOCia <:eP__0S74403A2_L> 



2 



EP 0 874 403 A2 



In Eqs. 1 and 2. h, rriwi mg. E. V. and ng represent a plank constant effective mass of carrier in the first layer, 
effective mass of carrier in the second layer, kinetic energy of carriers at the low^t energy level around the second 
layer, potential energy of the second layer to the first layer, and odd numbers, respectively 

The fourth aspect of the present invention is a semiconductor device having a plurality of partial quantum-wave 
5 interference layers 1^ with arbitrary periods including a first layer having a thickness of Dwk and a second layer having 
a thickness of Dgk and arranged in series. The thicknesses of the first and the second layers satisfy the formulas: 

D wk = n wk>^ wk/4 = n ^^hJA{2m ^(E k+V)] . (3) 

10 and 

D Bk = n ^^X bk/4 = n ^^m{2m ^^E ^) (4). 

In Eqs. 3 and 4, E^. mwk. n^Bk. and n^k and ngk represent plural kinetic energy levels of carriers flowing into the 
15 second layer, effective mass of carriers with kinetic energy E^+V in the first layer, effective mass of carriers with kinetic 
energy Ek in the second layer, and arbitrary odd numbers, respectively. 

The plurality of the partial quantum-wave interference layers 1^ are arranged in series from h to Ij, where j is a max- 
imum number of k required to form a quantum- wave interference layer as a whole. 

The f ftth aspect of the present invention is a semiconductor device having a quantum-wave interference layer with 
20 a plurality of partial quantum-wave interference layers arranged in series with arbitrary periods. Each of the plurality of 
partial quantum-wave interference layers is constructed with serial pairs of the first and second layers. The widths of the 

first and second layers of the serial pairs are represented by (D^^^, Dgi). ... , (Dwr, DgO (Dw)» Dep. (Dwk. Dbk) 'sa 

pair of wKlths of the first and second layers and is defined as Eqs 3 and 4. respectively. 

The sixth aspect of the present invention is to form a 6 layer between a first layer and a second layer, which sharply 
25 varies the energy band and has a thickness substantially thinner than that of the first and second layers. 

The seventh aspect of the present invention is a semiconductor device having a quantum-wave interference layer 
constituted by a plurality of semiconductor layers made of a hetero-material with different band gaps. The interference 
layer is constituted by a plurality of 6 layers for sharply varying the energy band and being formed at an interval of one 
forth of a quaritum-wave wavelength of carriers multiplied by an odd number. The thickness of the 6 layers is signifi- 
30 cantly thinner than the width of the interval. 

When a single level E of kinetic energy is adopted, the interval Dg between the 6 layers is calculated by Eq. 2. When 
plural levels Ej^ of kinetic energy are adopted, the interval Dgk between the 5 layers are calculated by Eq. 4. In the latter 
case, several partial quantum-wave interference layers 1^ with tiie 5 layers formed at an interval in T^ periods may 
be arranged in series from 1^ to Ij to form a quantum-wave interference layer as a whole. Alternatively the partial quan- 

35 tum-wave interference layer may be formed by serial S layers with intervals of Dbi Dbr. ... to Dbj, and the plurality 

of the partial quantum-wave interference layers may be an'anged in series with an arbitrary period. 

The eighth aspect of the present invention is to use the quantum-wave interference layer as a reflecting layer for 
reflecting carriers. 

The ninth aspect of the present invention is to constrtute a quantum-wave incident facet in the quantum-wave inter- 
40 ference layer by a second layer with enough thickness for preventing conduct ion of carriers by a tunneling effect. 

The tenth aspect of the present invention is a light-emitting semiconductor device constituted by an n-type layer, a 
p-type layer, and an active layer that is formed between the n-type layer and the p-type layer, and wherein one of the n- 
type layer and the p-type layer is the quantum-wave interference layer described in one of the first to ninth aspects of 
the present invention. 

45 The eleventh aspect of the present Invention is a light-emitting semiconductor device with a hetero-junction struc- 
ture whose active layer is formed between an n-type conduction layer and a p-type conduction layer and one of the n- 
type and p-type conduction layers is the quantum-wave interference layer described in one of the first to tenth aspects 
of the present invention. The n-type and p-type conduct ion layers respectively function as an n-type dadding layer and 
a p-type cladding layer and carriers are confined into the active layer by being reflected by the quantum-wave interfer- 

50 ence layer. 

The twelfth aspect of the present invention is a field effect transistor including the quantum-wave interference layer. 
desCTibed in one of ttie first to ninth aspects of the present invention, positioned adjacent to a channel. 

The thirteenth aspect of the present invention is a photovoltaic device having a pn junction structure including an 
n-layer and a player. At least one of tiie n-layer and p-layer is made of a quantum-wave interference layer described in 
55 one of the first to ninth aspects of the present invention for reflecting minor carriers as a reflecting layer. 
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(first and third aspects of the invention) 

The principle of the quantum-wave interference layer of the present invention is explained hereinafter. FIG. 1 shows 
a conduction band of a multi-layer structure with plural periods of a first layer W and a second layer B as a unit. A band 

5 gap of the second layer B is wider than that of the first layer W. Electrons conduct from left to right as shown by an an-ow 
in FIG. 1. Among the electrons, those that exist around the bottom of the second layer B are likely to contribute to con- 
duction. The electrons around the bottom of the second layer B has a kinetic energy E. Accordingly, the electrons in the 
first layer W have a kinetic energy E+V which is accelerated by potential energy V due to the band gap between the first 
layer W and the second layer B. In other words, electrons that move from the first layer W to the second layer B are 

10 decelerated by potential energy V and return to the original kinetic energy E in the second layer B. As explained above, 
kinetic energy of electrons in the conduction band is modulated by potential energy due to the multi-layer structure. 

When thicknesses of the first layer W and the second layer B are equal to order of quantum-wave wavelength, elec- 
trons tend to have characteristics of a wave. The wave length of the electron quantum-wave is calculated by Eqs. 1 and 
2 using kinetic energy of the electron. Further, defining the respective wave number vector of first layer W and second 

15 layer B as Kyv and Kg, reflectivity R of the wave is calculated by: 



R = (|KwHKbI)/{|KwMKbI) (5). 
= ([m w(E+V)] ^'^.[m ^E\^^)/ ([m w(E+V)] ^^+[m b E] 
^0 = [1 -{m B^/m w(E+V)) I [1+(m gE/m w(E+V)) ^^1 

^ Further, when m b = m . the reflectivity R is calculated by: 
25 R = [1-(E/(E+V))''^I/[1+(E/(E+V))''^] (6). 

When E/(E+V) = x , Eq. 6 is transfornried into: 



30 



R = (1.x''2)/(1+x''^) (7). 

The characteristic of the reflectivity R with respect to energy ratio x obtained by Eq. 7 is shown in FIG. 2. 
When the second layer B and the first layer W have S periods, the reflectivity Rs on the incident facet of a quantum- 
wave is calculated by: 

55 Rs = [0-x®)/(1-KX®)]^ (8). 

When the formula x s 1/10 Is satisfied, R ^ 0.52. Accordingly, the relation between E arxi V is satisfied with: 

E s V/9 (9). 

40 

Since the kinetic energy E of conducting electrons in the second layer 8 exists around the bottom of the conduction 
band, the relation of Eq. 9 is satisfied and the reflectivity R at the interface between the second layer B and the first layer 
W becomes 52 % or more. Consequently, the multi-layer structure having two kinds of layers with different band gaps 
' to each other enables effective quantum-wave reflection. 
45 Further, utilizing the energy ratio x enables the thickness ratio 0^/0^ of the second layer B to the first layer W to 
be obtained by: 

D b/D w = [m w / (m qx)] (1 0). 

so Thicknesses of the first layer W and the second layer B are determined for selectively reflecting one of holes arid 
electrons, because of a difference in potential energy t>etween the valence and the conduct ion bands, and a difference 
in effective mass of holes and electrons in the first layer W and the second layer B. Namely, the optimum thickness for 
reflecting electrons is not optimum for reflecting holes. Eqs. 5-10 refer to a structure of the quantum-wave interference 
layer for reflecting electrons selectively. The thickness for selectively reflecting electrons is designed based on a differ- 

55 ence in potential energy of the conduction band and effective mass of electrons. Further, the thickness for selectively 
reflecting holes is designed based on a difference in potential energy of the valence band and effective mass of holes, 
realizing another type of quantum-wave interference layer for reflecting only holes and allowing electrons to pass 
through. 
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(fourth aspect of the invention) 

As shown in FIG. 3, a plurality of partial quantum-wave interference layers Ik may be formed corresponding to each 
of a plurality of kinetic energy levels E^, Each of the partial quantum-wave interference layers Ik has periods of a first 

5 layer W and a second layer B as a unit whose respective thicknesses {Dwr* Dbr) are determined by Eqs. 3 and 4. The 
plurality of the partial quantum-wave interference layer Ik is arranged in series with respect to the number k of kinetic 

energy levels Ek- That is, the quantum-wave interference layer is formed by a serial connection of l-j, I2 and Ij. As 

shown in FIG. 3, electrons with each of the kinetic energy levels Ek are reflected by the corresponding partial quantum- 
wave interference layers Ik- Accordingly, electrons belonging to each of the kinetic energy levels from E^ to Ej are 

10 reflected effectively. By designing the intervals between the kinetic energies to be short, thicknesses of the first layer W 
and the second layer B (Dwk. Dbr) in each of the partial quantum-wave interference layers Ik vary continuously with 
respect to the value k. 

(fifth aspect of the invention) 

15 

As shown in FIG. 4, a plurality of partial quantum-wave interference layers may be formed with an arbitrary period. 
Each of the partial quantum-wave interference layers, I2, ... is made of serial pairs of the first layer W and the second 
layer B with widths (Dwk. Dgk) determined by Eqs 3 and 4. That is, the partial quantum-wave interference layer, e.g.. h, 

is constructed with serial layers of width (Dwi. Dgi). (Dw2, Db2) (Dwj. Dbj). as shown. A plurality h. I2. ... of layers 

20 such as layer |.| are connected in series to form the total quantum-wave interference layer. Accordingly, electrons of the 
plurality of kinetic energy levels Ek are reflected by each pair of layers in each partial quantum-wave interference layers. 
By designing the intervals between kinetic energies to be short, thicknesses of the pair of the first layer W and the sec- 
ond layer B (Dwk. Dbr) a certain partial quantum-wave interference layer varies continuously with respect to the value 
k. 

25 

(second and sixth aspects of the invention) 

The second and sixth aspects of the present invention are directed to forming a 5 layer at the interface between the 
first layer W and the second layer B. The 6 layer has a relatively thinner thickness than both of the first layer W and the 

30 second layer 8 and sharply varies an energy band. Reflectivity R of the interface is determined by Eq. 7. By forming the 
6 layer, the potential energy V of an energy band becomes larger and the value x of Eq. 7 becomes smaller. Accordingly, 
the reflectivity R becomes larger. 

Variations are shown in FIGS. 8A to 8C. The 5 layer may be formed on both ends of the every first layer W as shown 
in FIGS. 8A to SC. In FIG. 8A, the 6 layers are formed so that an energy level higher than that of the second layer B may 

35 be formed. In FIG. 8B. the 6 layers are formed so that an energy level higher than that of the second layer B may be 
formed. In FIG. 8B, the 5 layers are formed so that an energy level lower than that of the first layer W may be formed. 
In FIG. 8C, the 6 layers are formed so that the energy level higher than that of the second layer B and the energy level 
lower than that of the first layer W may be formed. As an alternative to each of the variations shown in FIGS. 8A to 8C, 
the 6 layer can be formed on one end of the every first layer W. 

40 Forming one 6 layer realizes large quantum-wave reflectivity at the interface between the first layer W and the sec- 
ond layer B and a plurality of the 5 layers realizes a larger reflectivity as a whole. 

(seventh aspect of the invention) 

45 The seventh aspect of the present invention is to form a plurality of 5 layers in second layer B at an interval Dq deter- 
mined by Eq. 2. Variations are shown in FIGS. 5 to 7. In FIG. 5, the 6 layer is formed so that an energy level higher than 
that of the second layer B may be formed. In FIG. 6. the S layer is formed so that an energy level lower than that of the 
second layer B may be formed. In FIG. 7, the 5 is formed alternately so that the higher and lower energy levels than the 
second layer B nrtay be formed. 

so When a plurality of energy levels of electrons are set, the interval Dq between the 5 layers in the second layer B 
con-esponds to thicknesses Dgk of the second layer B in FIGS. 3 and 4. Accordingly, a quantum-wave interference layer 
can be made from a serial connection of a number j of partial quantum-wave interference layers Ik as shown in FIG. 3. 
In this case. 6 layers are disposed at an interval Dgk with period Tk in each partial interference layers and the number j 
corresponds to the kinetic energy of electrons. Alternatively, the 6 layers may be arranged at an interval from Dbi to Dbj 

55 in series and may be formed in the second layer B so as to make the partial quantum-wave interference layers and the 
plurality of the partial quantum-wave interference layers, arranged in series as shown in FIG. 4. 
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(eighth aspect of the invention) 

The eighth aspect of the present Invention is directed to a quantum-wave interference layer that functions as a 
reflecting layer and selectively confines carriers in an adjacent layer. As mentioned above, the quantum-wave interfer- 
ence layer can be designed to confine either electrons or holes selectively. 

(ninth aspect of the invention) 

The ninth aspect of the present invention, or forming a thick second layer Bq at the side of an incident plane of the 
quantum-wave interference layer, and effectively prevents conduction by tunneling effects and reflects earners. 

(tenth and eleventh aspects of the invention) 

According to the tenth and eleventh aspects of the present invention, the quantum-wave interference layer is 
formed in at least one of the p-type layer and an n-type layer sandwiching an active layer of a light-emitting semicon- 
ductor device and effectively realizes confinement of carriers in the active layer and increases output power. 

(twelfth aspect of the invention) 

According to the twelfth aspect of the present invention, a quantum-wave interference layer is formed adjacent to a 
channel of a field effect transistor realizes effective confinement of carriers therein which conduct through the channel 
so as to improve an amplification factor of the transistor and signal-to-noise (S/N) ratio. 

(thirteenth aspect of the invention) 

According to the thirteenth aspect of the present invention, a quantum-wave interference layer is formed in a pho- 
tovoltaic device with a pn junction structure and reflects minor carriers to the p-type or n-type layer and prevents drift of 
the carriers to a reverse direction around the junction, improving opto-electric conversion efficiency. 

BRIEF DESCRIPTION OF THE DRAWING 

Other objects, features, and characteristics of the present invention will become apparent upon consideration of the 
following description and the appended claims with reference to the accompanying drawings, all of which fbmri a part of 
the specification, and wherein reference numerals designate corresponding parts In the various in the various figures, 
wherein: 

FIG. 1 is an explanatory view of a conduction band of a multi-layer structure according to first and third aspects of 
the present invention; 

FIG. 2 is a graph showing a relation between an energy ratio x and a reflectivity R; 

FIG. 3 is an explanatory view of partial quantum-wave interference layers 1^ according to the fourth aspect of the 
present invention; 

FIG. 4 is an explanatory view of partial quantum-wave interference layers 1^ according to the fifth aspect of the 
present invention; 

FIGS. 5-7 are explanatory views of 6 layers according to the seventh aspect of the present invention; 
FIGS. 8A-8C are explanatory views of 6 layers according to the second and the sixth aspects of the present inven- 
tion; 

FIG. 9 Is a sectional view showing a first exemplary structure of a light-emitting device (Example 1); 

FIGS. 10A and 10B are views showing energy diagrams of the light-emitting device (Ei^mple 1 and 3); 

FIG. 11 is a sectional view showing a second exemplary structure of a light-emitting device (Example 2); 

FIGS. 12A and 12B are views showing energy diagrams of the light-emitting device in Example 2; 

FIG. 13 is a graph showing a relationship between tiiickness of the first layer W and luminous intensity in Example 

FIG. 14 is a graph showing the relationship between thickness of the second layer B and luminous intensity in 
Example 1: 

FIG. 15 Is a graph showing the relationship between thickness of a 6 layer and luminous intensity in Exanrple 3; 
FIG. 1 6 is a view showing an energy cfiagram of the MOSFET in Example 4; and 
FIG. 1 7 is a view showing the energy diagrarn of the photovoltaic device in Example 5. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 



The invention will be more fully understood by reference to the following examples. 
5 Example 1 

FIG. 9 is a sectional view of a light-emitting diode (LED) 100 in which a quantum-wave interference layer is formed 
in a p-type cladding layer. The p-type cladding layer of the LED 100 has a substrate 10 made of gallium arsenide 
(GaAs). A GaAs buffer layer 12 of n-type conduction, having a thickness generally of 0.3 ^m and an electron concen- 

10 tration of 2 x 10^®/cm^. is formed on the substrate 10. An n-Gao.51 lno.49P contact layer 14 of n-type conduction, having 
a thickness generally of 0.3 ^m and electron concentration of 2 x lO^'^/cm^. is formed on the buffer layer 12. An n- 
Alo.51lno.49P cladding layer 16 of n-type conduction, having a thickness generally of 1 .0 nm and an electron concentra- 
tion of 1 x 10^®/cm^, is formed on the contact layer 14. A non-doped Gao.51lno.49P emission layer 18, having a thickness 
generally of 14 nm, is formed on the cladding layer 16. An electron reflecting layer 20 functioning as a quantum-wave 

15 interference layer is formed on the emission layer 1 8. A p-AIg 51 lno.49P cladding layer 22 of p-type conduction, having a 
thickness generally of 1 .0 jim and a hole concentration of 1 x 10^®/cm^. is formed on the electron reflecting layer 20. A 
Gao.51 lno.49P second contact layer 24 of p-type conduction, having a thickness generally of 0.2 ^m and a hole concen- 
tration of 2 x lO^^/cm^, is formed on the cladding layer 22. A p-GaAs first p-type contact layer of p-type conduction, hav- 
ing a thickness generally of 0.1 pm, is formed on the second contact layer 24. An electrode layer 28 made of gold and 

20 germanium (Au/Ge), having a thickness generally of 0.2 jim, is formed so as to cover the entire back of the substrate 
10. Another electrode layer 30 made of gold and zinc (Au/Zn), having a thickness generally of 0.2 nm, is formed on 
some portion of the first contact layer 26. The substrate 10 has a diameter of 2.0 inch and the normal direction of its 
main surface is offset toward [01 1] axis by 15 degree from plane (100). 

The LED 100 was manufactured by gas source molecular beam epitaxial deposition (GS-MBE), which is an epitax- 

25 ia) growth method performed under extremely a high vacuum condition. GS-MBE is different from a conventional MBE, 
which supplies group III and V elements both from the sources. In GS-f^BE, group III elements such as indium (In), gal- 
lium (Ga). and aluminum (Al) are supplied from a solid source and group V elements such as arsenic (As) and phos- 
phorus (P) are supplied by heat decomposition of gas material such as AsHa and PH3. 

In the energy diagrams of FIGS. 10A and 10B, the n-type cladding layer 16, the emission layer 18. and the electron 

30 reflecting layer 20 are shown. FIG. 10A shows an energy level of conduction and valence bands on the condition that 
no extemal voltage is applied to the LED 100. and FIG. 10B shows the energy level on the condition that the external 
voltage is applied thereto. The electron reflecting layer 20. or a quantum-wave interference layer, has a multi-quantum 
layer structure with 15 periods of a p-Gao.51 lno.49P well layer as a first layer W and a p-Alo.51 Ino.49P barrier layer as a 
second layer. B.iA 6 layer made of p-AIo.asGao aalno.saP is formed at each interface between the first layer W and the 

35 second layer B. Thicknesses of the first layer W and the second layer B are respectively determined according to Eqs. 
1 and 2. Only the first second layer Bq is designed to have enough thickness to prevent conduction of carriers by tun- 
neling effects. The 6 layer is formed to have a thickness of 1 .3 nm. Accordingly, electrons injected from the n-type clad- 
ding layer 16 into the emission layer 18 are reflected effectively by the electron reflecting layer 20 and confined into the 
emission layer 18. Although the valence band of the electron reflecting layer 20 also has a multiple period of energy 

40 level, holes are designed not to be reflected thereby. The respective thickness of the first layer W and the second layer 
B in the reflecting layer 20 is designed to reflect electrons only. Therefore, holes Injected from the p-type cladding layer 
22 pass through the electron reflecting layer 20 thus reaching the emission layer 18 easily and being confined therein 
by the cladding layer 16. 

Luminous intensity was measured by varying the respective thickness of the first layer W and the second layer B. 
' 45 FIG. 13 shows a result when the thickness of the second layer B was fixed at 7 nm and that of the first layer W was 
varied. As shown in FIG. 13. a peak of luminous intensity was obtained when the thickness of the first layer W was 5 
nm. Then, luminous intensity was measured fixing the thid^ess of the first layer W at 5 nm and varying that of the sec- 
ond layer B. the result being shown in FIG. 14. When the second layer B has a thickness of 7 nm. luminous intensity 
showed its peak. As a result, the LED 100 with the electron reflecting layer 20 was found to have a maximum luminous 
so intensity when the first layer W had a thickness of 5 nm and the second layer B had a thickness of 7 nm. The maximum 
luminous intensity was eightfold of that of a LED without the electron reflecting layer 20. 

Example 2 

55 FIG. 1 1 shows an LED 200 used in the present embodiment. The LED 200 has a hole reflecting layer 32 addition- 
ally to the LED 100 structure for reflecting holes. The hole reflecting layer 32 is formed between the n-type cladding 
layer 16 and the emission layer 18 and has a same structure as the electron reflecting layer 20 of the LED 100. The 
thickness of the first layer W is 1 .0 nm and that of the second layer B Is 1 .2 nm. FIG. 1 2A shows an energy level of con- 
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duction and valance bands on the condition that no external voltage is applied to the LED 200 and ^'G- ^ sho««a 
condWon where the external voltage is applied thereto. As a result, the LED 200 thus obtained provides a luminous 
SfnL7on?fo!3 compared with an LED with as same structure as the LED 200 but without the electron reflecting 

layer 20 and the hole rejecting layer 32. 
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Examoie 3 

In this embodiment, an LED has a structure as same as that of the LED 1 00 of FIG. 1 0A. A thickness of the 5 layer 
is variJdTn rrv samples and a measured luminous intensity of the LED for the various thicknesses .sshwn in Fia 
5 ^?iirous?nt^sity reaches its peak when the thickness of the 6 layer is about 1 .3 nm whHe tiie thK^^nesses of 
the fi^? aye^W L^cl the second layer B are 5.6 nm and 7.5 nm. respectively, which slightly differed ^om the optn^zed 
mic^TessTExa^le 1. The obtained luminous intensity of the LED 300 was 1.5 fold of that of an LED wrthout the 6 
layer. 

15 Example 4 

FIG 1 6 is an energy diagram of a MOSFET according to the present embodiment A com^entionalMOSFET has a 
channJol an i^er^^^on LyerU beneath an insulation film 40. conducting minor carriers through the char^ne. A largj 
Stage is^^^^^^ gate electrode 42 of the conventional MOSFET and thus more carriers in the channel erf the inver- 
se ^onTyLrTverftow As'a result, signal-to-noise (S/N) ratio decreases. In order to solve the P^^^""' ^^f""^"^^ 

Mette^e^e layer 20 was formed below the channel as shown in FIG. 16 having a multi-layer structure with arbitrary 
^^iSs induX^° sLnd layer B made of silicon (SO and the first layer W made of Qe. As a result, more earners 
> werfco^Tn^ in^^^^^ of 'the inversion layer. In addMon. S/N ratio was improved, response tme 2l'^°^:;:Se 
and driving voltage was lowered. When an n-type channel and electrons as a earner were used, the most preferable 
25 thickness of the second layer B was 6.8 nm and that of the first layer W was 2.0 nm. 

Example 5 



A ouantum-wave interference layer can be formed in a photovoltaic device with a pn junction structure. As shown 
in FIG ??Tn e^on rdlecting layer 20 is formed in a p-layer. and a hole reflecting layer 32 is formed in an n-layer. 
l^nliS is^c^S on Se pn jSncJon of a conventional d«^^^^ 

bxjnanda hole are formed. Most of the electrons in the conventional device are accelerated to the rH^er due to poten- 
Sl decnnafcn 5 indurt^^^ bands while the rest of the electrons drift to the p-layer so as not to contribute to inducton 
SfvoS ^le Cer the intensity of the incident light becomes, the more electrons overflow to ^^^^ P'«y«^°"*^^ 
the elertron reflecting layer 20. or a quantum-wave interference layer, was fomied in the player in this embodiment As 
a reS* r^ft^Tg oVelLtrons were printed, which enabled more electrons to conduct to the n-layer. S""-lar1y. some of 
hoTet^do not <?,ntribute to induction of voltage on account of holes drifting to the n-layer in a converitonal eler^ert. 
A^rdi^y in^"s embodiment the hole reflecting layer 32. or a quantum-wave interference layer, was termed .n the n- 
S>^ riutt! lifting of holes were prevented and enabled more hol^ 

aae of current was minimized and efficiency of electro-optic conversion was improved. ^ 
2S p"isem iZntion. embodiments of LEDs with quantum^ave interference layers are shown and discussed 
as E^m^le ^5 Menitivei;. the quantum-wave interference layer can be applied to a laser diode. Further. Exarnpte 
1 S^r^uanSr^vLe interfere.S:e layer was formed to have a multi-layer structure made of ternary compound 
inci Sot lno.4aP and A.o.5,lno.4sP. Alternativ^y. the interference layer can be -«Je of Quater-wy ^nr^""^ 
such as AJGa!ln!7„P. selecting arbitrary composition ratio within the range of Osx^L Osysl. and Osx+y^l. As 
rno5.?a^er^vr*e quantuniave interference layer can be made of group IH-V compound semiconductor, group 

ll-VI compound semiconductors. Si and Ge. and semiconductors of other heteronnateria^. 

Wh^the -invention has been described in connection with what are presently ~ns.dered to be the P-^^^' 
and oreferred embodiments, it is to be understood that the invention is not to be limited to the disclosed en*od.mente^ 
^oTtLTSrSTthe description is intended to cover various modifications and «q"'>^f^«7«"9«^«'^« '"^"^^ 
^ll^^the s^rH aS scope of the appended claims. The present document claims the benef of Japan^e prionty doc- 
ument faed in Japan on April 25. 1997, the entire contents of which is incorporated herein by reference. 

S^^o^I^^ numerous modifications and variations of the present invention are possible in light of the ^« teach- 
ings ItTtherefore to be understood that wrthin ttie scope of the appended claims the invention may be practiced oth- 

" n\e^.^'nd^S;'?e:j«T^^^^^ a quantum-wave interference layer v.th p.u.l PeHods ^ja^^^^^^ first 

layer W a^ a second layer B. The second layer B has wider band gap than the first layer W. Each thickne^of the f iret 
lS?r W ^ the^Sond layer B is determined by multiplying by an odd number one fourth of wavelength of quantum- 
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wave of carriers in each of the first layer W and the second layer B existing around the lowest energy level of the second 
layer B. A 5 layer, for sharply varying energy band, is formed at an every interface between the first layer W and the sec- 
ond layer B and has a thickness substantially thinner than the first layer W and the second layer B. The quantum-wave 
interference layer functions as a reflecting layer of caniers for higher reflectivity 

5 

Claims 

1 . A semiconductor device comprising: 

a quantum-wave interference layer having plural periods of a pair of a first layer and a second layer, said sec- 
ond layer having a wider band gap than said first layer; and 

wherein each thickness of said first and said second layers is determined by multiplying by odd number 
one fourth of wavelength of quantum-wave of carriers in each of said first and said second layers existing 
around the lowest energy level of said second layer. 

75 

2. A semiconductor device comprising: 

a quantum-wave interference layer having plural periods of a pair of a first layer and a second layer, said sec- 
ond layer having a wider band gap than said first layer; 

20 

a 6 layer for sharply varying energy band, being formed between said first and said second layers; and 

wherein each thickness of said first and said second layers is determined by multiplying by odd number 
one fourth of wavelength of quantum-wave of carriers in each of said first and said second layers and thickness 
of said 6 layer is substantially thinner than that of said first and said second layers. 

25 

3. A semiconductor device according to claim 1 , 

wherein said wavelength in said first layer is determined by a formula X^ = h/[2m ^(E+V)] . said wavelength 
Xs in said second layer is determined by a formula Xq = h/(2m b E) , said thickness of said first layer Dw is deter- 
mined by a formula = nvyX^M, and said thickness of said second layer Db is determined by a formula 
30 D B = n b/4 . where h. me. E, V, and nw and represent a plank constant, effective mass of said carrier in 
said first layer, effective mass of said carrier in said second layer, kinetic energy of can-iers at the lowest energy 
level around said second layer, potential energy of said second layer to said first layer, and odd number, respec- 
tively 

35 4. A semiconductor device according to claim 2, 

wherein said wavelength Xy^ in said first layer is determined by a formula A. ^ = h/[2m w(E+V)] . said wavelength 
Xs in said second layer is determined by a formula A-b = N(2msE)^^, said thickness of said first layer Dw is deter- 
mined by a formula D = n ^A. . and said thickness of said second layer Dg satisfies a formula 0^ = 0^X^/4, 
where h, m^y^ mB, E, V. arxJ nyy^ ng represent a plank constant, effective mass of said carrier in said first layer, effec- 

40 trve mass of said carrier in said second layer, kinetic energy of carriers at the lowest energy level around said sec- 
ond layer, potential energy of said second layer to said first layer, and odd numbers, respectively 

5. A semiconductor device having a quantum-wave interference layer with plural periods of a pair of a first layer and 
a second layer, said second layer having a wider band gap than said first layer, comprising: 

45 

a plurality of partial quantum-wave interference layer 1^ with periods of a pair of said first layer and said sec- 
ond layer being displaced in series by varying k as 1, 2 and 

wherein index k of said plurality of said partial quantum-wave interference layers correspond to index k 
of kinetic energy level and said first and second layers have thicknesses of riy^Xy^/4 and nBkXsy/^, respec- 
tively. where E,^+V and E^. Xyvk and A-br. and n^i^ represent kinetic energy level of carriers flowing into 
respective said first layer and said second layer, wavelength of quantum-wave of carriers flowing into respec- 
tive said first layer and said second layer, and odd numbers, respectively, and Xwk and Xq^ are determined by 
functions of E^+V and E^, respectively. 

55 6. A serniconductor device having a quantum-wave interference layer with plural periods of a pair of a first layer and 
a second layer, said second layer having a wider band gap than said first layer, comprising: 

a plurality of partial quantum-Wave interference layer, each of said partial quantum-wave interference layer 
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having serial pairs of said first layer and said second layer with serial pairs of thicknesses of (nyviA-wi^^. Hbi 
Xbi/4) (nwkW4. nBkW4) i^wp^w/^^ "Bj where E^+V and Ek. Xwk and Xek. and n^k. ^sk repre- 
sent kinetic energy level of earners flowing into respective said first layer and said second layer, wave length of 
quantum-wave of carriers flowing Into respective said first layer and said second layer, and odd numbers, 
5 respectively, and Xwk and Xsk are determined by functions of Ek+V and Ek, respectively 

7. A semiconductor device according to claim 1 . 

wherein a 6 layer is formed between said first and second layers for sharply varying energy band and has a thick- 
ness substantially thinner than said first and said second layers. 

10 

8. A semiconductor device according to claim 5, 

wherein a 6 layer is formed between said first and second layers for sharply varying energy band and has a thick- 
ness substantially thinner than said first and said second layers. 

15 9. A semiconductor device according to claim 6, 

wherein a 6 layer is formed between said first and second layers for sharply varying energy band and has a thick- 
ness substantially thinner than said first and said second layers. 

1 0. A semiconductor de/ice having a plurality of semiconductor layers comprising of hetero-material with different band 
20 width, further comprising: 

a quantum-wave interference layer including a plurality of 6 layers for sharply varying energy band, said 6 lay- 
ers being formed at the inten/al of one forth of wavelength of quantum-wave of can-iers multiplied by an odd 
number, and thickness of said 6 layers being substantially thinner than width of said inten«l. 

25 

1 1. A semiconductor device according to claim 1 , 

wherein said quantum-wave interference layer functions as a reflecting layer for reflecting said carriers. 

12. A semiconductor device according to claim 2, 

30 Wherein said quantum-wave Interference layer functions as a reflecting layer for reflecting said earners. 

1 3. A semiconductor device according to claim 5, 

wherein said quantum-wave interference layer functions as a reflecting layer for reflecting said carriers, 

35 14. A semiconductor device according to claim 6. 

wherein said quantum-wave interference layer functions as a reflecting layer for reflecting said can-iers. 

15. A semiconductor device according to claim 10, 

wherein said quantum-wave interference layer functions as a reflecting layer for reflecting said carriers. 

40 

1 6. A semiconductor device according to claim 1 , 

wherein an incident plane of quantum-wave in said quantum-wave interference layer is said second layer having 
enough thickness to prevent conduct ion of carriers by a tunneling effect 

45 17. A semiconductor device according to claim 2. 

wherein an incident plane of quantum-wave in said quantum-wave interference layer is said second layer having 
enough thickness to prevent conduct ion of carriers by a tunneling effect 

18. A semiconductor device according to claim 5, 

50 wherein an incident plane of quantum wave in said quantum -wave interference layer is said second layer having 
enough thickness to prevent conduct ion of carriers by a tunneling effect 

1 9. A semiconductor device according to claim 6. 

wherein an incident plane of quantum-wave in said quantum-wave interference layer is said second layer having 
55 enough thickness to prevent conduct ion of carriers by a tunneling effect. 

20. A semiconductor device according to claim 10, 

wherein an incident plane of quantunrvwave In said quantum-wave interference layer is said second layer having 
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enough thickness to prevent conduct ion of carriers by a tunneling effect. 

21 . A light-emitting semiconductor device having a quantum-wave interference layer of claim 1 and further comprising: 

5 an n-type layer; 

a p-type layer; 

an active layer formed between said n-type layer and said p-type layer; and 

wherein one of said n-type layer and said p-type layer is said quantum-wave interference layer. 

10 22. A light-emitting semiconductor device having a quantum-wave interference layer of claim 2 and further comprising: 

an n-type layer; 
a p-type layer; 

an active layer formed between said n-type layer and said p-type layer; and 
'5 wherein one of said n-type layer and said p-type layer is said quantum-wave interference layer. 

23. A light-emitting semiconductor device having a quantum-wave interference layer of claim 5 and further comprising: 

an n-type layer; 
20 a p-type layer; 

an active layer formed between said n-type layer and said p-type layer; and 

wherein one of said n-type layer and said p-type layer is said quantum-wave interference layer. 

24- A light-emitting semiconductor device having a quantum-wave interference layer of claim 6 and further comprising- 

25 

an n-type layer; 
a p-type layer; 

an active layer formed between said n-type layer and said p-type layer; and 

wherein one of said n-type layer and said p-type layer is said quantum-wave interference layer. 

30 

25. A light-emitting semiconductor device having a quantum-wave interference layer of claim 10 and further compris- 
ing: 

an nrtype layer; 
35 a p-type layer; 

an active layer formed between said n-type layer and said p-type layer; and 

wherein one of said n-type layer and said p-type layer is said quantum-wave interference layer. 

26. A light-emitting semiconductor device according to claim 21 , wherein said n-layer and/or said p-layer form a hetero- 
40 junction to said active layer respectively functioning as an n-type cladding layer and a p-type cladding layer and said 

carriers are confined into said active layer by being reflected by said quantum-wave interference layer. 

27. A light-emitting semiconductor device according to claim 22, wherein said n-layer and/or said p-layer form a hetero- 
junclion to said active layer respectively functioning as an n-type cladding layer and a p-type cladding layer and said 

45 carriers are confined into said active layer by being reflected by said quantum-wave interference layer. 

28. A light-emitting semiconductor device according to claim 23, wherein said n-layer and/or said p-layer form a hetero- 
junction to said active layer respectively functioning as an n-type cladding layer and a p-type cladding layer and said 
carriers are confined into said active layer by being reflected by said quantum-wave interference layer. 

50 

29. A light-emitting semiconductor device according to claim 24. wherein said n-layer and/or said p-layer form a hetero- 
junction to said active layer respectively functioning as an n-type cladding layer and a p-type dadding layer and said 
carriers are confined into said active layer by being reflected by said quantum-wave interference layer. 

)5 30. A light-emitting semiconductor device according to claim 25. wherein said n-layer and/or said p-layer form a hetero- 
junction to said active layer respectively functioning as an n-type cladding layer and a p-type cladding layer and said 
earners are confined into said active layer by being reflected by said quantum-wave interference layer. 
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31 . A field effect transistor comprising a quantum-wave interference layer of claim 1 formed adjacent to a channel. 

32. A field effect transistor comprising a quantum-wave interference layer of claim 2 formed adjacent to a channel. 
5 33. A field effect transistor comprising a quantum-wave interference layer of claim 5 formed adjacent to a channel. 

34. A field effect transistor comprising a quantum-wave interference layer of claim 6 formed adjacent to a channel. 

35. A field effect transistor comprising a quantum-wave interference layer of claim 10 formed adjacent to a channel. 

10 

36. A photovoltaic device having a pn junction Including an n-layer and a p-layer comprising at least one of said n-layer 
and said p-layer being made of a quantum-wave interference layer of claim 1 for reflecting minor carriers as a 
reflecting layer. 

15 37. A photovoltaic device having a pn junction including an n-layer and a p-layer comprising at least one of said n-layer 
and said p-layer being made of a quantum-wave interference layer of claim 2 for reflecting minor carriers as a 
reflecting layer. 

38. A photovoltaic device having a pn junction including an n-layer and a p-layer comprising at least one of said n-layer 
20 and said p-layer being made of a quantum-wave interference layer of claim 5 for reflecting minor carriers as a 

reflecting layer. 

39. A photovoltaic device having a pn junction including an n-layer and a p-layer comprising at least one of said n-layer 
and said p-layer being made of a quantum-wave interference layer of claim 6 for reflecting minor carriers as a 

25 reflecting layer. 

40. A photovoltaic device having a pn junction including an n-layer and a p-layer comprising at least one of said n-layer 
and said p-layer being made of a quantum-wave interference layer of daim 10 for reflecting minor carriers as a 
reflecting layer. 

30 
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FIG. 9 
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FIG. 1 0 A 



Al 0. 5 1 Irio. 4»P 



16 



6 

A 




yy iuiiLiiiLJiiLJl 



Alo. 51 Ino. 49P 

p 20 



Gao. 5 1 Ino. 49P 

" i — — ^ininiiniiniiniini 



18 



000 



FIG. 1 0 B 





Electrons • • • • 
• • • • 









V/2' 




n 


Alo. 5 1 Ino. 49P 


, / 1 



• • • • 




yyyiLJllLJiiui 



r \ 
W B 



Alo. $ I Ino. 4 9P 
Gao. 5 1 Ino. 49P P — 20 



V/2I 



o o 

Holes 



16 



>4SOCX3ID: <EP__0874403A2_L> 



18 



EP 0 874 403 A2 



FIG. 11 
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